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TOR (target of rapamycin) signaling regulates life span in many organisms, but the mechanism behind the
effect is unknown. In this issue of Cell Metabolism, Pan and colleagues (2011) find that reduced TORC1
activity promotes yeast life span via a mechanism that, paradoxically, relies upon the production of normally
deleterious reactive oxygen species.The budding yeast Saccharomyces
cerevisiae has proven to be a remarkably
fruitful model for aging researchers.
S. cerevisiae undergoes two distinct types
of aging: replicative aging, in which the
number of daughter cells that bud from
a single mother cell is tallied, and chrono-
logical aging, which is defined by the
length of time that a yeast culture can
maintain viability in stationaryphase.Yeast
replicative aging is mediated, at least in
part, by translation, and longevity can
be promoted by deletion of ribosomal
subunits (reviewed in Kaeberlein and
Kennedy, 2011). Yeast chronological life
span, however, is thought to be heavily
dependent on resistance to oxidative
stress (Fabrizio et al., 2003).
Inhibition of TOR (target of rapamycin)
signaling in yeast, either by deletion of
TOR1 or by treatment with rapamycin,
an FDA-approved inhibitor of mTOR sig-
naling, extends both chronological and
replicative life span (Ha and Huh, 2011;
Medvedik et al., 2007; also reviewed in
Kaeberlein and Kennedy, 2011). Studies
in yeast, C. elegans, and D. melanogaster
have linked TOR-mediated life span
extension to inhibition of translation andsuggest that calorie restriction (CR), an
intervention that extends the life span
of many organisms, including mammals,
works to some extent through similar
mechanisms (reviewed in Kaeberlein and
Kennedy, 2011). Recent work demon-
strating that rapamycin can extend the
life span of mice has generated significant
interest in understanding the mechanism
by which inhibition of mTOR signaling
promotes life span extension (Harrison
et al., 2009).
Recently, the validity of using yeast
chronological life span as a longevity
model has been questioned, with the
discovery that yeast chronological life
span is significantly inhibited by the
buildup of acetic acid and ethanol in the
growth media (Burtner et al., 2009; Fabri-
zio et al., 2005). In this issue ofCell Metab-
olism, Pan and colleagues (2011) show
that the effect of TOR on life span in yeast
is cell-intrinsic and demonstrate that re-
duced TORC1 signaling leads to in-
creased mitochondrial respiration during
logarithmic phase growth, with increased
generation of reactive oxygen species
(ROS) (Figure 1). Blocking this increase
in ROS by overexpressing SOD2, theyeast mitochondrial superoxide dismu-
tase, significantly decreases the ability
of TOR inhibition to extend life span.
This shows that the superoxide signal is
the key to yeast chronological life span
extension.
Pan and colleagues’ work supports the
validity of yeast chronological life span as
a model for aging, and not simply as an
assay for resistance to the detrimental
effects of acetic acid, as previously sug-
gested (Burtner et al., 2009). The authors
find that neutralizing the media, which
was previously shown to extend yeast
chronological life span, significantly alters
mitochondrial metabolism. In a series of
elegant media-exchange experiments,
the authors demonstrate that the effect
of TOR on chronological life span is not
affected by a differential accumulation of
acetic acid or other metabolites in the
growth media of tor1D yeast. While yeast
replicative aging genesmore closely over-
lap genes that extend life span in
C. elegans than yeast chronological life
span genes (Burtner et al., 2011), homo-
logs of yeast chronological life span genes
may still play a role in life span in higher
organisms, and it seems likely that yeast13, June 8, 2011 ª2011 Elsevier Inc. 617
Figure 1. Rapamycin Promotes Yeast Chronological Life Span
Rapamycin treatment of a yeast culture (top) during the logarithmic growth phase increases mitochondrial
respiration and the generation of reactive oxygen species, resulting in the induction of cellular defense
mechanisms that protect the yeast and will preserve viability during stationary phase. In contrast, an
untreated yeast culture (bottom) experiences less oxidative stress during logarithmic growth and is unpre-
pared for the harsh environment of stationary phase. Figure by Tom DiCesare, Whitehead Institute.
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teach us about aging.
The surprising concept that mitochon-
drial superoxide plays a key, positive
role in the regulation of life span has
emerged in the past few years. In 2007,
Michael Ristow’s group found that mito-
chondrial superoxide generation was
required for glucose restriction to extend
the life span of C. elegans (Schulz et al.,
2007). More recently, it was demon-
strated that a superoxide-based signal
was required for CR to extend yeast chro-
nological life span (Mesquita et al., 2010).
When combined with the present work,
these studies provide significant support
for the concept that, while ROS may
contribute to the aging process, the618 Cell Metabolism 13, June 8, 2011 ª2011generation of a low level of superoxide
in the mitochondria can prime cellular
defenses against ROS and other stress-
ors, with a net positive effect on cellular
defenses and organismal life span. This
effect has been named mitochondrial
hormesis (mitohormesis). As we continue
to learn more about the fundamental
mechanisms of aging in mammals, it will
not be surprising if mitohormesis, like
other key mechanisms of aging, is con-
served in humans, mice, flies, worms, and
yeasts.
It remains an open question if mito-
hormesis will promote life span in mam-
mals. If so, it is possible that antioxidants,
which have generally been thought of
as beneficial, may actually have neg-Elsevier Inc.ative consequences. Understanding the
mechanism by which increased mito-
chondrial ROS production leads to ex-
tended chronological life span may
eventually pave the way for the develop-
ment of small molecules that can activate
this pathway without directly inducing
oxidative stress. Efforts to find small
molecule mimetics of CR will have to
deal with the paradoxical conclusion
that, in order to obtain beneficial effects
on life span and organismal health, we
may have to, first, do a small amount of
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